ABSTRACT User-centric network (UCN), which organizes a dynamic transmission point group (TPG) for each user, is regarded as a promising candidate to meet the exponential growth of mobile data traffic for 5G system. However, the severe interference under dense TP deployment in UCN from co-channel neighbor cell worsens the user performance. In this paper, to combat the fluctuation of user rate, a user-centric power control strategy is proposed, where TPs will take power control coefficient β to effectively mitigate the strong interference for each user within TPG of radius coefficient µ. Based on the strategy, semi-closed expressions of network downlink performance metric are first derived, including coverage probability and average achievable rate to the typical user, and average spectral efficiency of TP with the consideration of the impact of TPG overlapping on the signal link. The TPs and the users are modeled as independent 2-D Poisson point processes. The theoretical analysis confirms that the optimization of β and µ, which determine the area and intensity for power control, respectively, can realize the tradeoff between interference mitigation and resource utilization. Numerical results demonstrate significant performance gains of the user-centric power control strategy in coverage probability, average achievable user rate, and TP spectral efficiency, which can be improved at most by 30%, 15%, and 42%, respectively. In addition, the analysis gives the optimal values of β and µ according to the distance between TP and user.
I. INTRODUCTION
As the commercial operation of 4G systems is speeding up worldwide to meet the increasingly explosive growth of mobile Internet in the 2020 era, a great many R&D efforts targeting the next generation wireless systems (5G) have been launched [1] . In order to meet the significant traffic demands in 5G system, researchers have paid attention to every tool they have at hand, e.g., improving spectral efficiency, exploiting higher carrier frequencies, and enhancing spatial reuse through network densification.
However, the system is approaching the Shannon limit of point-to-point links, and extra radio spectrum is rare. Recently, deploying ultra-dense network (UDN) has been proposed as a promising approach to address these challenges and further boost the network capacity [2] . It is achieved by densely deploying small cells, such as microcells, picocells, or femtocells, which brings transmission points closer to users.
However, since there are much more transmission points (TPs) around user equipment (UE) and the distances between UEs and TPs are shorter, high density TP deployment means high capacity but also strong inter-cell interference. Moreover, TPs are usually customer-deployed so that their locations are out of control of the operator. Therefore, the interference environment of UDNs is much more complicated than traditional cellular networks. So for 5G networks, the interference mitigation techniques should be more flexible and open to the variations as changes in the traffic and deployment are expected to occur more rapidly than existing networks [3] .
Therefore, to solve the problems and mine the potentials of UDN, the network architecture is shifted from traditional cell-centric to user-centric. User-centric ultra-dense network (UUDN) is defined by introducing the philosophy of the network serving user and the ''de-cellular" method [4] . UUDN will organize a dynamic TP group to serve each user seamlessly without the user's involvement, which is supposed to provide a uniform service experience for users anywhere by ''eliminating'' the cell edge. In [5] , a local anchor-based dual connectivity architecture is presented to build a usercentric wireless network and key procedures for mobility management are correspondingly provided in a 5G system. Therefore, user-centric network (UCN) enables user centric radio access and the user feels like a network is always following it.
In UCN, due to the rapid increase of density from the user's perspective, access opportunities, bandwidth, and other resources increase greatly, which brings more cooperative dimensions for TPs. Hence, interference management becomes complex and needs to be flexible to match the user's requirements.
A. RELATED WORKS
Multi-cell cooperation has played an important role for interference management in cellular networks. User-centric coordinated multi-point (CoMP) transmission has been considered in [6] and [7] where BS clustering for each user is dynamic. In addition, power control is an effective way for interference management. However, state of the art studies of power control are designed for ultra-dense networks. In [8] , the authors propose an N-layer discrete power control scheme in a wireless clustered ad hoc network to improve transmission capacity and outage-free spatial reuse factor, where transmitters and their intended receivers in circular clusters are characterized by a Poisson cluster process. In [9] , the authors introduce local games based on a graph representation of the network to optimize the aggregate network capacity through power control. In [10] , the authors demonstrate a novel distributed scheduling with interferenceaware power control for an uplink of the UDN operating with time-division duplex. In the proposed technique, each user adjusts transmit power according to a pre-determined threshold of generating interference to other BSs and each BS selects the users having the highest effective channel gains adjusted according to the transmit power of users.
Inter-cell interference nulling, as one particular type of multi-cell cooperation, has been shown to be a practical and viable approach for downlink interference suppression [11] , [12] . In [13] , the authors develop an efficient yet low-complexity interference nulling strategy tailored for small cell networks and investigate its performance gain.
State of the art studies about power control mainly focus on cell-centric strategies which aim to improve the performance of TP. However, in UCN there is more degree of freedom for cooperation among TPs. Hence, it is challenging to mitigate interference by user-centric cooperation which optimizes the performance of UE.
B. CONTRIBUTIONS
Power control is an effective and easy way for interference management in traditional cellular networks. In UCN, transmission point group (TPG) of the radius coefficient µ will implement power control with the coefficient β to reduce the interference. The aim of this paper is to analyze the performance metrics of the user-centric power control strategy and further determine the optimal parameters of the strategy, including the TPG radius coefficient and the power control coefficient. The parameters decide the area and intensity of power control respectively, which will balance the interference mitigation and resource utility. The main contributions of this paper are summarized as follows.
• A user-centric power control strategy is proposed to reduce interference in UCN where TPs in TPG will cooperate for power control. One main advantage of this strategy is that it can effectively determine the TPG with the radius coefficient µ for each user and the power control coefficient β for TPs. Except the TP which transmits data to user, the rest TPs within TPG are regarded as interfere and requested to reduce transmitting power by the power control coefficient β for this user.
• Semi-closed expressions of coverage probability, average achievable rate and spectral efficiency are derived for the user-centric power control strategy in UCN. TPs and users are modeled as independent two-dimensional Poisson point processes (PPPs) which capture the irregular network structure. Although the interference distribution is highly complicated, simple yet accurate approximate results can be obtained.
• The optimal coefficient of β and µ for the strategy are determined. In the strategy, the radius coefficient µ of TPG range and power control coefficient β are defined to demonstrate the size of TPG and intensity of power control respectively. Based on the theoretical analysis, the optimal values of these two parameters will be determined, which can give guidance for the flexible power control in UCN to tradeoff between interference management and resource utility.
II. SYSTEM MODEL A. USER-CENTRIC POWER CONTROL STRATEGY
UCN is a fully distributed and network-scalable system, where a dynamic TPG will be organized for each UE to provide services. When user moves, the TPG will reform and maintain a good link quality, regardless of the user location. Different UEs have their own TPGs where UE is served by one or more dynamically assigned TPs and TPs will cooperate for interference management.
In the following, we will propose a user-centric power control strategy in TPG to suppress inter-cell interference for user-centric network. In UCN, according to the reference signal received power (RSRP), the closest TPs to the UE will be selected to form the UE-specific TPG where one or more TPs, defined as serving TPs, will transmit data to UE and others by the definition of cooperative TP will participate in interference management as shown in Fig. 1 . Due to the short distance, UE suffers from severe interference from surrounding cooperative TPs which cannot participate in the data transmission in TPG. Hence, UE will request these nearby cooperative TPs within TPG to perform power control for interference mitigation.
All cooperative TPs within TPG (area inside the dotted blue circle in Fig. 1 ) will receive power control requests from the UE. Since each TP uses the same transmitting power if it does not perform power control, interference intensity of TPs can be determined by the relative distances to the cooperative TPs and the serving TPs. The TPG range is from radius r 0 to µr 0 (µ 1), where r 0 is the distance between UE and its serving TP and µ is defined as TPG radius coefficient. The value of µ is the same for all the users. However, due to the random locations of TPs and users, the signal transmission distance r 0 is different for different users, which means the radius µr 0 of TPGs will be different for different users.
Since cooperative TPs are close to users, users will experience strong interference from cooperative TPs within the TPG. The user would request all cooperative TPs to do power control. All cooperative TPs need to do power control with coefficient β (0 β 1), which means that the TPs would use βP t as the transmitting power for specific carriers assuming P t is the transmitting power. Note that the TPG range can overlap with each other, which means that serving TPs of one user could possibly receive power control request and reduce transmitting power.
B. THE NETWORK MODEL
The cellular network model consists of TPs arranged according to homogeneous Poisson point process b of intensity λ b in the Euclidean plane. Consider an independent collection of mobile users u , also located according to independent PPP, with density λ u . We assume that each mobile user is associated with the closest TP which means there is only one serving TP in TPG.
Due to the stationarity of the homogeneous Poisson point processes (HPPP), it follows that the downlink performance of a typical UE can be treated as a proxy for the attainable performance of any UE (see [14] ). Without any loss of generality, we consider a typical reference UE located at the origin.
The standard power loss propagation model is used with path loss exponent α (α > 2). As for random channel effects such as fading, it is assumed, unless otherwise noted, that the tagged TP and tagged UE experience only Rayleigh fading with mean 1, and adopt a constant transmitting power of P t . In this case, the received power at a typical UE a distance r from its serving TP is P t h x 0 r −α where the random variable h x 0 follows an independent and identically distributed exponential distribution with mean 1, which we denote as h x 0 ∼ exp (1). When TPs receive power control requests, they will employ a transmitting power of βP t (0 β 1). We define β as power control coefficient.
III. ANALYSIS OF PERFORMANCE METRIC
This is the main analysis section of the paper, in which we derive the performance metric of our strategy in a downlink cellular network, including the coverage probability, average achievable rate and spectral efficiency.
A. COVERAGE PROBABILITY
In this section we derive the probability of coverage under user-centric power control strategy in a downlink UCN. The coverage probability is defined as
where T is the signal-to-interference-plus-noise ratio (SINR) threshold. Note that the coverage probability can also stands for the complementary cumulative distribution function (CDF) of the SINR. The probability that a TP transmits with power P t equals to the probability that the TP receives no power control request, denoted by P(received = 0). According to Lemma 1 in [13] ,
and c 0 = 3.5. Thus the average transmitting power is pP t , and
Without any loss of generality we assume that the typical user located at the origin o, served by its serving TP at location x 0 . This user will receive interference from the TPs outside and inside the TPG. Let 1 b denote the set of cooperative TPs inside the TPG, and 2 b denote the set of interfering TPs outside the TPG, which means those TPs are farther than µr 0 . The SINR of the mobile user at a random distance r from its serving TP can be expressed as
where h x 0 is the information signal channel gain, h x is the interfering channel gain from the TP at x, σ 2 is the noise power and p is given in (2).
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Since we consider small cell networks, which are interference-limited [15] , we ignore the additive noise in the theoretical analysis. Our result for coverage probability is demonstrated in the following section.
Theorem 1: The coverage probability of a typical randomly located UE under proposed user-centric power control strategy based on TPG in UCN is p c (µ, β)
where δ 2 α and p is given in (2). Proof: The distance from the typical user to its serving TP r follows the Rayleigh distribution [13] as
Conditioning on the serving TP being at a distance r from the typical user, the probability of coverage averaged over the plane is
P(SINR > T |r)2π λ b rdr
Using the fact that h x ∼ exp (1) and ignoring the additive noise, the coverage probability can be expressed as
where I r denotes x∈ 1
and L I r (s) is the Laplace transform of random variable I r evaluated at s conditioned on the distance to the serving TP from the origin.
This gives a coverage expression:
Using the definition of the Laplace transform yields,
The proof is given in Appendix A. Plugging in s = T r α /p,
and p is given in (2) . Combining with (6), we could obtain the result.
B. AVERAGE ACHIEVABLE RATE
In this section, we focus on the average achievable rate in units of bit/s/Hz for a typical user. We now demonstrate the theorem that gives the average achievable rate of a typical mobile user in the downlink.
Theorem 2: The average achievable rate of a typical mobile user and its associated serving TP in the downlink is
where
and p is given in (2) . Proof: The proof is given in Appendix B.
C. SPECTRAL EFFICIENCY
Due to the random distributions of users and TPs, the average cell throughput T 0 can be calculated by the integral of the distance r, which is denoted as
where M (r) is the number of users present at the distance of r away from TP x 0 , which is independent of whether or not these users associate with x 0 . f d (r) denotes the probability that a user associates with the x 0 . The term f d (r)M (r) indicates the actual number of users associating with the TP x 0 at the distance of r. b is the bandwidth allocated to a user. τ r (µ, β) is the average achievable rate of a user conditioning on the nearest TP being at a distance r. The cell average spectral efficiency (SE) is defined as the ratio of the total cell throughput and the system available bandwidth with the unit of bit/s/Hz. Therefore, the cell average SE is given by
where N c is the total number of the available carriers of a TP, B 0 is the bandwidth of a single carrier.
In the following, we derive the spectral efficiency of TPs.
Theorem 3:
The cell average spectral efficiency (SE) where q 1 is the same as that in part B of Section III and
Proof: For the sake of simplicity, we assume that TP allocates bandwidths equally for its users. Therefore, with this consideration, the single user's allocated bandwidth can be expressed as
where ∞ 0 f d (r)M (r)dr denotes the total number of the served users in a TP.
As for M (r), the users are distributed according to the PPP as well [16] . Therefore, the probability of the number of users presenting in a two-dimensional area A can be expressed as
where M (A) is the number of users in A. Thus, we have
where r indicates a very small slice of the circle with length of r. From (16) in Appendix B, we could get
and L I r r α 2 t − 1 p is given in (17) . Taking (11), (12), (13) and (17) into (9), we get the result.
IV. PERFORMANCE EVALUATION
In this section, we evaluate the efficiency of our proposed user-centric power control strategy in UCNs. The noninterference strategy is used as a benchmark to which the potential benefits of our proposal are compared. Analysis results and simulation results will be shown. 
A. SIMULATION CONFIGURATION AND PARAMETERS
In our simulations, an environment of dense TPs is considered. We assume that the positions of TPs and users both obey the Poisson point process. Users are attached to the closest TP. We will run the simulation on Vienna LTE Simulators [17] using Matlab. Simulation parameters are listed in Table 1 . Except Fig. 4 , the density parameters are set as shown in Table 1 for other figures.
B. ANALYSIS RESULTS
Figs. 2 to 8 illustrate the analysis results. Fig. 2 depicts the relation between SINR coverage probability and TPG coefficient µ under different power control coefficient β and SINR threshold. It can be seen from the figure that: 1) when β is given, for an arbitrary curve, SINR coverage probability increases with µ to a peak and then starts to decrease. When µ surpasses a certain threshold, continuing to increase µ will make more TPs to do interference control by reducing transmitting power and the overlapping probability of different TPGs for different users is growing rapidly, which leads to the decreasing of received signal power for user, therefore, SINR coverage probability decreases. 2) when µ is set, lower transmitting power does not always yield higher coverage, since the average transmitting power will decrease severely as the overlapping areas of different TPGs grow. 3) for different SINR threshold and β, the optimal µ is almost the same. However, for a certain µ, the optimal β is different under different SINR threshold. Hence, TPs can determine the power control coefficient β according to their distances to the UE. 3 illustrates the relationship between SINR coverage and SINR threshold when µ = 2.1 and β = 0, which is the best case in Fig. 2 . As we can see, since the strong interference is suppressed in the user-centric power control strategy, the performance of SINR coverage probability is better than that in UDN. For a UE, its serving TP may receive the requests from other UEs and take power control, which means there are correlations between TPs. Therefore, when SINR threshold exceeds 15 dB, the performance of the proposed strategy is similar to or a little lower than no coordination.
In Fig. 4 , we now compare SINR coverage under different density ratio λ u /λ b between user and TP. As λ u /λ b grows, the overlapping areas of different TPGs for different users increase and serving TPs also need to take power control, which leads to the power decreasing of data link. Hence, SINR coverage probability is decreasing. Besides, under different λ u /λ b , the best µ is different. When λ u /λ b is low, the overlapping areas of different TPGs are small, therefore, increasing µ will suppress more interference, which leads to the increasing of SINR coverage probability.
Figs. 5 and 6 depict the relation between average user rate and TPG coefficient µ under different power control coefficient β. It can be seen from the figures that the trend of average user rate is similar to that of SINR coverage probability. The baseline is β = 1, which is the same as (17) in [18] . At about µ = 2.1 and β = 0, average user rate is optimal. However, in Figs. 5 and 6 , the values of TPG coefficient µ and power control coefficient β are discrete. Fig. 7 is the upper envelope of average user rate, in which µ and β are continuous. From Fig. 7 , we can get the conclusion that average user rate reaches a maximum at µ = 2.1 and β = 0. Compared with no coordination strategy in UDN, our strategy can improve the average user rate by 15% when µ = 2.1 and β = 0. Fig . 8 illustrates the relationship between average TP SE and TPG coefficient µ under different power control coefficient β. The trend of average TP SE is also similar to SINR coverage probability and average user rate. The average TP spectral efficiency can be improved by 42% at most.
C. SIMULATION RESULTS
In Fig. 9 , we compare the analysis results with the simulation results of SINR coverage. From Fig. 9 , we can infer that selecting a proper TPG coefficient µ can greatly improve the network performance. Moreover, by comparing the simulation results with the analysis results, we find that the simulation result is lower than the analysis. When the TPG radius µ increases, the overlapping areas of different TPGs increase and there are scheduling correlations between TPs, which leads to the approximation error increases with µ. The scheduling correlations lie in the fact that every TP can be a serving TP for one UE while being a cooperative TP of other UEs. Besides, the gap between simulation results and analysis results is related to β. For the case of β = 0, when TP takes power control, the TP will not transmit, which means that more UEs will be influenced and the scheduling correlation is strong. Therefore, scheduling correlation will have impact on the simulation results.
V. CONCLUSIONS
In this paper, a user-centric power control strategy is presented in UCN, where TPs within TPG will take power control cooperatively to effectively mitigate the strong intercell interference for each user. Theoretical analysis derives semi-closed expressions of SINR coverage, average achievable rate and spectral efficiency of network under the proposed strategy. According to theoretical results, the optimal TPG coefficient µ and power control coefficient β can be obtained, which can realize the tradeoff between interference mitigation and resource utilization. Simulation results demonstrate significant performance gains of the user-centric power control strategy in SINR coverage probability, average achievable user rate and TP spectral efficiency, which can be improved at most by 30%, 15% and 42% respectively. With a low implementation complexity and a higher performance gain, the proposed interference coordination strategy will have wide applications in UCN. According to the probability generating functional (PGFL) [18] 
APPENDIX A PROOF OF LAPLACE TRANSFORM
and the proof is complete.
APPENDIX B PROOF OF AVERAGE ACHIEVABLE RATE
The ergodic rate of the typical user is τ (µ, β) E log 2 (1 + SINR) where the average is taken over both the spatial PPP and the fading distribution. Since for a positive random variable X , E[X ] = 
